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GAM/AE/67~1
- Preface

I became interested in Ground Effect Machines when
reports on them began appearing in the technical periodi-
cals, and the dream of a flying automobile has insgpired
every one who has ever been caught in a traffic jam, Wwhen
Professor Bilelkowicz told me of his idea of a ground effect
machine that could be capable of flight, I was so fasci-
nated with the concept that all other suggested thesis
topics seemed hopelessly dull by comparison,

The thesis explores the concept, proves its practi-
cality, through wind tunnel testing and analytical esti-
mation, All assumptions were purposely made on the con-
servative side, because an idea of this magnitude will
attract many critics, For this reason, it was hoped that
no estimation would be required and that all data would be
the result of wind tunnel testing, Only when the large
AFIT tunnel was closed for repairs, did it become necessary
to use any analytical prediction, I personally feel that
if such a vehicle were built tomorrow, its performance
would be significantly better than predicted by this
analysis,

I would like to express my sincere gratitude to
Professor Bielkowicz for his trust and his assistance, and
special debts of thanks to Messrs, Barrincer, Whitt and
Lokal of the AFIT wind tunnel, and to Mr, Joseph Huff at
the AFIT School Shops, who built the complicated models,

i1
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Abstract

Professor Peter Bielkowicz conceived the idea of a
ground effect machine that could also fly. This thesis
tests the concept and improves on the original deaign,

Two wind tunnel models were built to determine the aero-
dynamic characteristics of the vehicle, Wwhen the wind
tunnel was closed because of safety problems after the
test program had just begun, a third, sub-scale, model was
built and tested in a smaller tunnel to test improvements
dictated by first tests,

The results from these tests were combined with some
analytical techniques to predict the performance of the |
full scale vehicle,

The final vehicle will carry one pilot and two
passengers (if necessary)., Wwhen armed with two 7,62 mm

machine guns, carrying a full fuel load and a 200-l1b,

pilot, the gross weight of the vehicle is 2400 poun
Its dimensions are 7,2 feet wide, 17,9 feet long and 13,0
feet high, including the end plates necessary for such a
low aspect ratio wing, This small size will allow tha

vehicle tc travel over back trails or unimproved roads,

Despite the severe limitations imposed by the dimensions,
the vehicle will become airborne at 99 feet per second, and

clear a 50-foot obstacle 545 feet from the take off point,

when powered by the 300-horsepower Curtiss-Wright RC-2-90-y

rotating cylinder engine,

A
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OPTIMIZATION OF A
GROUND EFFECT MACHINE

I, Introduction

A need for ground effects machines exists in the
military services, The advantages of a vehicle which can
go anywhere has been effectively demonstrated by the per-
formance of helicopters in Korea and Vietnam,

The ground effect machine has thus far in its develop-
ment not approached the versatility of a helicopter., This
is primarily becausge the ground effect machine was limited
to very low ground clearance, Obstacles, such as ditches,
walls, and fences forced the early experimental models to
look for routes around these obstacles, Therefore, the
successful ground effect machines have been those that
operate primarily over water, The British series of
"hovercraft" are excellent examples (Ref 2),

Professor Peter Bielkowicz of the Air Force
Institute of Technology conceived the idea of a ground
effect machine with an air foil-shaped structure that would
produce aero-dynamic lift whenever required. A wall could

\\\\\\\\\\\\Eg\negotiated simply by flying over it, a ditch would be
; jumped, a low bridge could be hopped and rough terrain
could be negotiated by increasing the ground clearance with
the aerodynamic lift,
Professor Bielkowicz performed a preliminary design
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analysis of such a vehicle, This thesis is concerned with
the optimization of this original design, 1Its objectives
are: To determine through wind tunnel tests, the feasi-
bility of the concept by determining the maximum weight
and minimum velocity at which the vehicle could become air-
borne: to perform a preliminary design, including duct
performance, weight and balance estimates, To improve on
the original design to improve performance, increase
simplicity and reduce costs,

Specifically not included as part of this thesis is
a detailed stress analysis and a stability and control

study.
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II., Mission

The mission envisioned for this vehicle is primarily
reconnaissance, but the versatility of the craft would also
allow for general transportation and evacuation of wounded,
This mission, together with considerations for flexibility,
imposed certain design restrictions, which are as follows,

1., The vehicle should be relatively small, carrying
one pilot, with a capability for two passengers,

2, The vehicle should be as simple and uncomplicated
as possible for ease of maintenance and high reliability
under combat conditions,

3. The vehicle must be able to operate continually
over unimproved roads, water, and open fields for six
hours, at speeds up to 85 feet per second, It must also
be able to fly over an obstacle, jump a ditch and negotiate
uneven terrain for shorter periods of time,

4, The vehicle must be less than 8 feet wide, to
follow narrow roads, and less than 14 feet high to pass
under bridges and overpasses,

5. The design of the vehicle should be such that it
is not vulnerable to small arms fire,

6. The vehicle should be capable of carrying light
armament, such as machine guns,

If all these restrictions can be successfully met,
the resulting vehicle would have the performance of a light
aircraft and the versatility of a helicopter with the

maintenance record of a station wagon,
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III. Basic Design and Test Philosophy

The basic design scheme is to utilize a peripheral
jet ground effect machine, the upper surface of which is an
airfoil, This airfoil would then be a wing with a very low
aspect ratio, To increase the effectiveness of the wing,
the aspect ratio must be artificially increased by the use
of large end plates, Because the wing must operate near
its maximum coefficient of 1lift, i.,e,, at high angles of
attack, separation and stall is likely., This suggests that
a boundary layer control system is required,

For protection from small arms fire, the engine
should be internally mounted, For small overall size and
high power to weight ratio, the Wankel rotating cylinder
engine was selected, Similarly, but also for the reason of
greater efficiency, a ducted fan was chosen for propulsive

power, rather than a conventionzl exposed propeller,

Wy, Ny
gaas s
rLbNUM - ANNULAK 1PBRIPHERAL -
CHAMBER JET JET

FIG. 1 \ GRKOUND EFF:CT SCHEMES

The air for the ground cushion is to be provided by
two fans, also duct mounted and powered by the same engine
which powers the propulsion fan, The ground effect scheme
is to be of the peripheral jet principle, in order to in-
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crease the efficiency of the 1lift fans, The normal pro-

cedure in ground effect machines is to draw the lift air

through an iniet in the upper surface of the vehicle, As
this would ruin the aerodynamic l1ift in this design, the

inlets must be placed in the front of the vehicle. This

will require a duct system with a 90-degree turn,

with this philosophy, and with the constraints im-
posed by the mission, it is now possible to visualize how
such a vehicle would look, It would be about the size of a
light panel truck, with the side panels extended to serve
as end plates, and the roof shaped as an airfoil, Rudders
and a stabilizer might be added at the rear, The front of
the vehicle would be rounded to reduce drag, as would the
rear, and the "grill" would consist of two or three large
inlets.

The tesating philosophy is equally straight forward
and logical, It was decided to build two models for wind
tunnel testing, The first model would consist of an air-
foil with end plates and control surfaces., The fuselage
would contain no ducting,

The second model would have all ducts in the fuse-
lage and incorporate any changes found necessary from the
testing on the first, If the tests were successful, then

a detailed preliminary design could proceed immediately,




GAM/AE/67-1

.*‘|
NN
N

FINFTIONI 8 LY 8I€8 VIV

i




/ 4/ S/ S/ - 44 1/ Ci ¢ .0 A .0 S % ﬂ ..“.. “ .w

T HIIYLS- -
N.ﬂ.k m\. kodh. — 1 ' .h.-lllllll.ll.l'l-.l
. ¢ /_ _

GAM/AE/67-1




GAM/AE/6T=)

é
!

¥ INILHOIWHLS /
N ¥F 1308

éq

—

-t




GAM/AL/67-1

IV. Design of Wind Tunnel Models

Original Design

The starting point was the original design of Pro-
fessor Bielkowicz, During the initial portion of this
study, several changes were made to the original design,
which make it somewhat difficult to establish exactly what
was the original design,

For the purpose of this thesis, the "original design"
will be taken as shown in Figuies 2, 3 and 4. Among the
changes included in this version are the introduction of,
the forward wing, and a rear éuction slot. The propeller
is positioned near the forward end of the engine nacelle,
rather than the rear end of the nacelle where it had been
placed in earlier versions, Although the wing suction slot
is not shown in these drawings, suction boundary layer con-
trol was a part of the concept from the beginning,

A turning vane is present in the propeller duct and
the angle of duct divergence behind the pilot's chair is
quite high, The center of the propeller and the center of
the fans are at the same longitudinal station,

The overall length of the vehicle is 17 feet, the
width is 7,2 feet and the height is 10,2 feet., The in-

cidence angle of the airfoil is 8 degrees,

Selection of Scale

The first step in the design of the model was the
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selection of the scale, This is determined by the size of
the tunnel and the parameters to be duplicated, 1In this
case, the parameters are Reynolds numbers and Mach number,

The selection of a scale is, at best, a compromise,
The model should be as small as possible in order to reduce
blockage in the tunnel, Conversely, the model should be as
large as possible to duplicate Reynolds number without en-
countering compressibility effects of high Mach number,

The diameter of the AFIT subsonic wind tunnel is five
feet, thus the absolute maximum cross sectional dimension
for the model is five feet, This, of course is impracti-
cal, In addition to blockage, another consideration is
that the model must travel through a range of angle of
attack, Additionally, an arbitrary value of two inches
was determined to be the minimum clearance, to allow for
any fittings and attachments that might be needed.

The proportions of this model are:

1

1,75h

w=0,76h

and the pivot point, when placed at the quarter chord of
the wing is 0,68h above the bottom of the model., Then,
referring to Fig. 5, the maximum dimension h, in inches,

can be calculated from Eq (1),

900-,1296h% = ,68h cos 10°+,75(1.75)h sin 100+2 (1)
simplifying yields the quadratic:
1.1246h2+3,992h-896=0

10
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and solving for h, h=26,51 inches, Which would result in
a scale factor of 0,224, smaller than one-fourth scale but
larger than one-fifth, If this scale would not create too
much blockage in the tunnel, then one-fifth scale would be

selected, Pope, gives the blockage factor as

Ky (model volume) (2)
‘sb C 3/2

where ¢4, is the ratio of the velocity increment due to
blocking to the tunnel velocity, C is the cross-sectional
area of the tunnel and X is a shape factor'ranging from
0.5 to 0,75 when the dimension used are feet (Ref 15),
Taking the highest value of K, gives a value for ¢g, of
.0378, This means that the true velocity of the air pass-
ing the model would be 103,78 feet per second when the
tunnel instruments indicate 100 feet per second, This is
an acceptable blockage factor.

The only remaining question is now the simulation of
Reynolds number and Mach number, Reynolds number is given

= V
by Rq = ¥C (3)

where V is the velocity, ¢ is the chord length and v is the
dynamic viscosity, The actual Reynolds number of the
vehicle at a take-off speed of 100 feet per second under

standard conditions is

R, = 200 (17,2 . 14 9gy1p6 (4)
1.551x10~4

12
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where the chord is measured in feet, the velocity in feet
per second and the dynamic viscosity in £t2 per second, To
duplicate this number with a one-fifth scale model would
require a test velocity of 500 ft per second, The dynamic
pressure at this velocity is 297.,2 pounds force per square
foot, If the lift coefficient were 1,0, then the model
would generate a lift of 1486 pounds, which exceeds the
measuring capability of the tunnel, Additionally, at this
speed compressibility effects would be encountered,

Therefore, exact duplication of the Reynolds number
is not possible, However,bexperience has shown that aero-
dynamic characteristic do not vary significantly at high
Reynolds numbers .(Ref 5), That is, if the test number is
greater than a million, the test is generaliy valid for all
higher Reynolds numbers until Mach number becomes signifi-
cant. The test Reynolds number is (1/5) (10,98x10%) =
2,196 x 106 at 100 feet per second, The one-fifth scale,
then, can simulate the Reynolds number acceptably well,

The scale for the model was then chosen as one-fifth,
This scale fits the tunnel, does not cause excessive block-
age, simulates the Reynolds number and exactly matches the

Mach number of the full size vehicle.

Wing and Flap Design
Selection of Airfoil. The airfoil NACA 8318 was part

of the original design by Professor Bielkowicz, It was

picked for its high 1ift coefficient, its thickness which

13
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facilitates interior design, its smooth stalling charac-
teristic and its flat bottom surface (Ref 8), The im-
portance of the flat bottom is that little l1ift is gener-
ated by the bottom surface. In this design the bottom of
the airfoil is displaced downward by several feet, An
undercambered airfoil would be impractical in that the
installation of a peripheral jet in the lower surface
would greatly increase the difficulty of fabrication and
correspondingly the cost,

The NACA 8318 airfoil shows a remarkable similarity
to the vintange Clark-¥Y-20 (Ref 20), The coordinates of
the Clark-Y-20 at one degree angle of attack and the NACA-
8318 agree to within 1/2% at all stations., The aero-
dynamic characteristic are practically identical, when
displaced one degree, It appears that the NACA-8318 is a
"modernized" Clark-Y-20, Considering the tolerances
necesgsary in making a wooden model, the ajrfoils are, for
all intents and purposes, the same,

Boundary Layver Control, The suction slot is po-

sitioned at 55% of the chord, as p--t of the original de-
sign, The slot 1s inclined at 55 degrees to the hori-
zontal, A model allowing for experimental change in the
position of the slot would be necessarily complex, There-
fore it was decided to proceed with a fixed slot on the
first model, If the suction did not increase the per-
formance of the airfoil, the slot could be redesignhed on

the second model,

14
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The width of the slot, however, will not necessarily
be one-fifth of the full-scale slot, due to the differences
in boundary layer thickness, Reynolds number etc, The
optimum width of the slot was to be determined by the
tests.,

The principle of boundary layer control by suction is
simply that the lower energy levels near the surface are
removed,'leaving a more energetic boundary layer, less
likely to separate, Therefore, the maximum suction would
be the removal of the entire boundary layer, Any suction
beyond this would create no change in performance, The
slot, then, should be sized to carry this maximum flow
rate, The mass flow rate in the boundary layer can be
calculated by

h = oAU (5)
where 0 is the density of the air, A is the area of flow,
equal to the wing span times the thickness of the boundary
layer, and U is a mean velocity throughout the boundary

layer. Schlicting gives this mean velocity as

8
5=/:1dz (6)
o ¢
which for turbulent flow becomes

U = 0,8167 U(x) (7)

where U(x) is the local free-~stream velocity, The

boundary layer thickness for turbulent flow is

15
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S = 0.,37x = 0,37x
5 s
5 (8)
‘[Rex U(x)
v

where X is this distance from the leading edge, Although
this formula was developed for turbulent flow over a flat
plate, its application to an airfoil gives a reasonable
estimation of the thickness, and is certainly accurate
enough for this application (Ref 4),

The remaining unknown is the local free~stream ve-
locity at 55% chord. This can ke determined by the

equation

Cp = 1~ [ Y(x) )2 (9)
v

where’bp is the coefficient of pressure, which is avail-
able from the literature and presented in Fig, 6 (Ref 20).
At a Cj of 1.0, Cp is equal to -0,99 at the 55% chord,

In this specific application, the local velocity, at
100 feet per second tunnel velocity, is 141 feet per
second, from Eq (6), The local Reynolds number is 1,56x
105, which gives the boundary layer thickness as 0,0398

feet, The boundary layer mass flow rate is then

0.1972 slugs/sec

The mass flow rate through the slot must match this

16
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value. The mass flow rate can be determined by m= AqUg=
pbwly where w is the width of the slot, b the wing span
and Uy the velocity in the slot, Ugq can be expressed by

Bernoulli's incompressible equation as

ug =sz (Px-Pq) (11)

where P, is the pressure on the wing at the 55% chord and
Pg is the pressure in the slot. The wing pressure can be

found from the cp, 80

2
Ug =4 2 (SRLY¥=" 4+ p .p (12)
p 2 Q
Since the AFIT wind tunnel extracts air from the atmosphere
P=rakpv_ 2 (13)
then
Ug = J% (ER P Voo 24Pa~s p V.. 2-PQ) (14)
2
or,

The mass flow rate can be writteng

B = obw J% [(1-Cp) p_\zz._zﬂpa-pq)] (16)

Where all values are known except the width of the
slot, w, and the suction required, (Pa-PQ). It was
assumed that a standard vacuum cleaner could achieve a

suction of ten inches of water, and that two inches of

18
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water would be lost to duct friction., Then a value of
eight inches of water (41.405 pounds per square foot)
could be substituted for (Pa-PQ).

The above equation now contains only one unknown,
the required slot width, The equation was solved for w,
with the result w = 0,0456 feet = 0,548 inches at V = 100
feet per second, With this width slot, and a vacuum
cleaner capable of providing a suction of eight inches of
water after duct loasses, the entire mass flow rate in the
boundary layer could be removed, It was anticipated of
course, that not all the boundary layer need be removed,
During the tests the suction would be varied, and the mass
flow rate measured, The optimum mass flow could then be
determined and the full scale slot could be sized by a

similar analysis.,

Flap Design

The design of the model flap merely involved devising
a mechanical system which allowed movement of the flap and
a system to measure the deflection angle, The design used
on the model is shown in Fig, 7. The flap is deflected
manually by loosening the bolts, A l/4-inch-pin is
inserted through the end plate into the desired key holes
located at 0,15,30,45 and 60 degrees of deflection, The
bolts are then secured, This allows for movement of the
flap through 60 degrees, with positive stops at 15~degree-

intervals.

19
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Construction

The'ﬁiﬁg was constructed by laminating 22 sectione
cut to NACA 8318 coordinates, The slot intake was ducted
to a position near the quarter-chord where the external
vacuum line is attached (see design of test equipment).
The quarter-chord point was chosen to minimize problems of
fitting the vacuum line through the tunnel walls., To pro-
vide more rigicdity for the upper surface a duwel was in-
stalled in each third lamination.

To accommodate the eight deqree angle of incidence,
the lower surfa~2 of the wing sections were extended and
inclined eight degrees so the resulting surface would be
horizontal when mated to the lower body section,

The end plates were cut from 1/4-inch mahogany plywood,
Because no movement of the rudders was planned during
testing, these surfaces were built as simply extensgions to

the end plates,

Control sSurface Design

Stabilizer, The purpose of the stablizer is to pro-

vide longitudinal stability and control during the "hop"
maneuver, This is accomplished by using an airfoil
mounted behind the center of pressure of the wing, Be-
cause this airfoil must produce both positive and negative
lift, a symetrical airfoil was selected, Of the gym-
metrical airfoils listed in the NACA literature, NACA 0012

gave the best 1lift to drag ratio, and was therefore
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selected (Ref 9).
The location of the stabilizer was determined to be at

the rear of the end plates and mounted as high as possible,
In the original design, the complete tail assembly was to
be moveable, In ground cruise mode the assembly would be
retracted to the rear of the end plates, but extended rear-
ward on rails for flight, To keep the model simple, it
was decided to test in the retracted position, The aero-
dynamic characteristics of the stabilizer would be de-

termined and the required extension could then be calcu-~

lated analytically.

Forward Wing

The forward wing is a means of control in angle of
attack which contributed positive lift rather than nega-
tive, This control surface not only aids in the control,
but also generates an increase in overall 1lift,

A high lift airfoll was selected, A search of the
NACA literature revealed that NACA 6512 was an excellent
airfoil for this purpose (Ref 9). 1Its high lift, high
lift-to-drag ratio, smooth stalling characteristics, and
reasonable thickness (a help in structural design) repre-
sented one of the best sections for this use,

The location of this surface is not a simple problem,
because the effect on the characteristics of the forward

wing caused by the presence of the main wing is an unknown

quantity, Likewise, the presence of the forward wing will

22



GAM/AE/67-1

NOI1213S

SSO¥D ONIM aQ¥VMAIO4
8 ‘Old

R3




GAM/AE/67-1

NOI123S SSOUD Ay3ZI1118VLS
6 OlIid

g100 <o<.z

3

24




GAM/AE/67-1

affect the main wing by acting as a leading edge slot, 1It
was obvious that, for control purposes, the wing should be
mounted as far forward as possible, The question of height
and angle of attack was solved by constructing the model so
that these parameters could be varied, A series of
mounting holes were placed in the end plates., The forward
wing could be placed in any of these ' -es and the angle of
attack varied.. In this manner the optimum position and
angle of attack could be determined during the testing
program,

Construction, Both surfaces made of laminated hard-

wood, The mounting point on both surfaces was at the
quarter-chord, This is the zero moment point on the stabi-
lizer, and the aerodynamic center on the forward wing,
Using this point, a simple friction fitting, held in place
by a machine screw is adequate to prevent changing of the
angle-of-attack during the test, These fittings are

visible in Figs, 10 through 12,

Body of First Model

The body of the first model was simply a shell de-
signed to the outlines of Professor Bielkowicz' original
design, It was constructed over a white pine lower frame
(simulating the outline of the periperal jet), by using
1/4-inch bending plywood, Simple 2-by~4-inch bracing was
added where the wind tunnel attachment fixtures were

installed,
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Figures 10, 11, and 12 show the completed model prior
to installation of the wind tunnel attachments, These
photographs show the relative locations of the control
surfaces, the suction slot, and the outlet where the

external vacuum system will be installed,

Internal Ducting in the Second Model

Purpose. The ducting in the second model was de-~
signed to simulate as closely as possible the lift and drag
of the full scale vehicle, There are three ducts: two for
the ground cushion effect and one for the forward pro-
pulsion,

The ducts present some unusual design problems, All
three ducts begin with rectangular cross-sections and
terminate with circular cross-sections, The propulsion
duct contains the engine, and the ducted propeller, The
1i1ft fan ducts must turn downgard 90 degrees, and contain
the 1ift fans and a gear housing,

It was decided to not simulate an engine, or the
ground cushion effect, These problems have been investi-
gated and can be handled analytically after the wind tunnel
testing has been completed, The problem which is of pri-
mary interest is the airborne performance of the machine,
with no assist from the ground effect,

To avoid confusion, the term "fan ducts”" will be used
to denote the ducts which supply air for the ground cushion
and the term "propeller duct" will be used to denote the
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duct containing the engine,

Pan Ducts. The fan ducts were designed with three
objectives; to obtain an economical duct, low loss in total
pressure, and, to deliver symmetrical flow to the lifting
fans,

The basic approach was to continue the rectangular
portion of the duct until the turn was completed, Turning
vanes would be necessary to avoid asymmetric loading of
the fan. After the turn the transition to a circular
cross-section would be rather than direct the flow direct-
ly downward it was decided to turn the flow through an
angle of only 82 degrees. If the flow were turned 90
degrees, then when the vehicle was in a take off position,

8 degrees, the momentum of the 1ift air and the

D

N\

l

90° TURNING ANGLE 82° TURNING ANGLE

F1G. 14 FAN DUCT TURNING ANGLES
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lift of the fans would contribute a drag force equal to the
lift times the sine of 8 degrees, and decrease the net 1lift
by 1.3 per cent, By turning the flow 8 degrees less, the
entire momentum l.ift would be directed downwards and there
would be no drag increase, The three turning vanes were
positioned to divide the mass flow rate into fourths in the
horizontal portion of the duct and to direct the flow into
equal areas of the lower circular portion, This scheme
will achieve a constant mass flow rate per area across the
1ift fans,

The mass flow rate per area in the horizontal portion
was assumed to a constant across the duct, except in the
boundary layer, The thickness of the boundary layer and
the mass flow rate in the boundary layer were calculated

using the same technique previously mentioned in the design

of the suction slot,
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The area of circular portion was simply divided into
fourths by direct integration, using the coordinates of
Fig. 15, The area between y = h and the x-axis was found
to be

A=hr?+ r? arc sin h/r (17)

The area was set equal to one-fourth the total area and h
was found to be 0,402r, This dimension was used to fix
the position of the trailing edges of the turning vanes,
The vanes were made circular for ease of fabrication. The
best fitting radius was determined by graphical layout,
and the cross section was NACLA 0006 coordinates laid out
radially about this mean radius,

The transition section was designed by graphical lay-
out, The thickness of the transition section was arbi-
trarily set at 3/4 inches, because this i3 the standard
thickness of the wood sections usged in tha AFIT shops,

Propeller Duct, The first layout revealed that if

the dimensions of the original design were unchanged, the
propeller would not be symmetrically loaded, This was
corrected by two decisions,

The location of the lift fans were moved forward 1,5
inches on the model (7.5 inches full scale) to smooth the
duct contours near the propeller. The minimum width of the
propeller duct must occur at the maximum width of the fan
ducts. By moving the fans forward, the minimum width of

the propeller duct was moved further away from the maximum
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width of the propeller duct, The move allowed better con-
tours in the sections immediately preceding the propeller,

The second decision was to move forward the point
where the constant area portion of the duct ends., 1In the
original design, this point was only two feet in front of
the propeller, &2 turning vane was required in the duct,
By moving the "break point" forward to the front leg of
pilot's seat, the contours could be made so gradual that a
turning vane was unnecessary,

The contours of the duct were determined by a graphi-
cal method, Forward of the propeller, three dimensions
were known: the propellaer diameter, the minimum width, and
the inlet 3iz=, The cross section at the break point is
identical to the inlet., The top of the duct was es-
tablished by drawing a straight line from the break point
to the section in front of the propeller, The duct was
divided into three sect.ion (see construction below) and a
rectangular cross saction was maintained until the end of
the forward section, The mid section was divided in 3/4-
inch-sections, The propeller was at section 12 and the
fans at section eight, These sections were superimposed
on each other and the area between the sections equally
divided to obtain the smoothest contours possible, For

example, the construction of section eight is shown in

Fig. 17, Section zero was overXYaid on section twelve, the
maximum diameter, The width of section eight was laid out

on the drawing, The lower contour of gection was a curve
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fitted through points 2/3 of the way between the contours
of sections zero and twelve, The upper contour was es-
tablished by a straight line through a point 2/3 of the
distance between the height of sectici.c zero and twelve.,

The other sections were constructed in a similar
manner. The result was a duct of gradual changes which
will give symmetrical loading on the propeller,

An engine nacelle is included in the propeller duct to
simulate the drag characteristic., The nacelle was sized by
the practical reguirements of the Wankel engine, and the
lenght of a transmission necessary to power the lifting
fans,

A duct is cut through the nacelle to simulate the air
flow requirements of the ergine, Five straightener vanes
are required to cancel the rotational velocity induced by
th